It is shown that the "meso-phase" hypothesis of Woodcock L. V. fails to describe quantitatively and qualitatively the isochoric and isobaric heat capacities, speed of sound, long wavelength limit of the structural factor, isothermal compressibility, density fluctuations, Joule-Thompson coefficient and isothermal throttling coefficient of argon in the "meso-phase" region. It is also shown that VdW-EOS can describe qualitatively the excess Gibbs energy and rigidity of argon near critical point.
Introduction
There are two alternative theories of critical region of liquid-vapor first order phase transitions. The first theory is the traditional theory of the region near single critical point based upon Ising-like scaling theory with crossover to classical equations of state . VdW-EOS [6] and the fundamental equations of state [17] [18] [19] [20] , which are based upon the concept of a single gas-liquid critical point, are representations of these classical equations of state.
The second theory is the "meso-phase" hypothesis of Woodcock [26] . According to the "mesophase" hypothesis at critical and supercritical temperatures on the thermodynamic (density, pressure)-plane exists a region where the pure substance is in "meso-phase", which consists of small clusters that are gas like and clusters of macroscopic size that are liquid like, there is exist a line of critical points over a finite range of densities at critical temperature and pressure instead of single critical point, and the pressure in the "meso-phase" is linear function of density. This hypothesis is reminiscent of an old concept of the supercritical fluid as a mixture of "gasons" and "liquidons" that has turned out to be inconsistent with the experimental evidence [4, 5] .
Some predictions of the "meso-phase" hypothesis were criticized by Sengers and Anisimov [4] and Umirzakov [27] . According to [4] in contrast to the conjecture of Woodcock, there is no reliable experimental evidence to doubt the existence of a single critical point in the thermodynamic limit and of the validity of the scaling theory for critical thermodynamic behavior.
According to [26] the Van der Waals critical point does not comply with the Gibbs phase rule and its existence is based upon a hypothesis rather than a thermodynamic definition. The paper [27] mathematically demonstrates that a critical point is not only based on a hypothesis that is used to define values of two parameters of VdW-EOS. Instead, the author of [27] argued that a critical point is a direct consequence of the thermodynamic phase equilibrium conditions resulting in a single critical point. It was shown that the thermodynamic conditions result in the first and second partial derivatives of pressure with respect to volume at constant temperature at a critical point equal to zero which are usual conditions of an existence of a critical point [27] .
The papers [28] and [29] were the responses to the critique of some predictions of the hypothesis in [4] and [27] , respectively. The paper [28] was criticized in [30] . It was shown [30] that: (1) the expressions for the isochoric and isobaric ( P C ) heat capacities of liquid and gas, coexisting in phase equilibrium, the heat capacities at saturation of liquid and gas (  C ) and the heat capacity (  C ) used in Woodcock's article [28] are incorrect; (2) the conclusions of the article based on the comparison of the incorrect V C , P C ,  C and  C with experimental data are also incorrect; (3) the lever rule used in [28] cannot be used to define V C and P C in the two-phase coexistence region; (4) a correct expression for the isochoric heat capacity describes the experimental data well; (5) there is no misinterpretation of near-critical gas-liquid heat capacity measurements in the two-phase coexistence region; (6) there are no proofs in the article that: (a) the divergence of V C is apparent; (b) it has not been established experimentally that the thermodynamic properties of fluids satisfy scaling laws with universal critical exponents asymptotically close to a single critical point of the vapor-liquid phase transition; and (c) there is no singular critical point on Gibbs density surface. Many mathematical and logical errors were also found in [28] .
As known the theory is wrong if it does not agree with experiment. It has been established experimentally that the thermodynamic properties of fluids satisfy scaling laws with universal critical exponents asymptotically close to a single critical point of the vapor-liquid phase transition [1, 4] . The fundamental equations of state [17] [18] [19] [20] represent the available experimental data on the (pressure, temperature, density)-relation, liquid-vapor coexistence, isochoric and isobaric heat capacities, speed of sound, Joule-Thomson coefficient, isothermal throttling coefficient and etc., typically within experimental uncertainty. So the scaling theory and FEOS are in good agreement with the available experimental data.
The comparison of the predictions of the "meso-phase" hypothesis with the experimental data can show that the "meso-phase" hypothesis is wrong or not.
The fundamental equation of state of argon of Tegeler-Span-Wagner (TSW-EOS) [17] represents the available data for the accurate (pressure, temperature, density)-data [21] , data on the liquid-vapor coexistence [22] , available data on the isochoric and isobaric heat capacities, speed of sound, Joule-Thomson coefficient, isothermal throttling coefficient and etc., typically within experimental uncertainty as required by fundamental thermodynamic relationships. Therefore we compare the predictions of the hypothesis for the pressure, isothermal rigidity coefficient, isochoric and isobaric heat capacities, speed of sound, isothermal compressibility, density fluctuations, optic (long wavelength) limit of the structural factor, Helmholtz energy, Gibbs energy, entropy, internal energy, enthalpy, Joule-Thomson coefficient and isothermal throttling coefficient of argon with the corresponding predictions of TSW-EOS in Chapter 2.
Chapter 3 contains the response to the critique by Woodcock [29] of VdW-EOS, the parametric solution of the equations of liquid-vapor phase equilibrium of Van der Waals fluid (VdW-fluid) and some assertions of the paper [27] .
Appendix shows that the paper [29] includes many incorrect equations, mathematical and logical errors.
, is a linear function of density (further the subscript " M " of a quantity means that the quantity is obtained according to the "meso-phase" hypothesis):
where T is temperature,  is the mass density and
and m is the mass of the particle (atom or molecule), and Eq. 1 give
We conclude from Eq. 2 that in the case when the equalities 0
is independent of density in this interval for this case because
does not depend on density. One can also conclude from Eq. 2 that in the cases 
.
Here
and k is the Boltzmann's constant, J K k  for argon are given in table 1 [26] .
The following thermodynamic relations [7, 8] 
and Eqs. 1-6 give the following relations
where
is the mass of the atom of argon,
is the isobaric heat capacity and ) ,
is the speed of sound of argon.
We have from Eqs. 9-10 Table 1 [26]) we conclude that the isobaric heat capacity and the speed of sound increase with increasing density in the interval
. We have from Eqs. 11-12
Therefore the ratio of the slopes of the isotherms of the isobaric heat capacity and speed of sound does not depend on the density. We obtain from Eq. 7
for the isothermal compressibility [11] . One can see from Eq. 14 that the isothermal compressibility is inversely proportional to density. We conclude from Eqs. 9, 10 and 14 that 
, which characterizes the fluctuations of number of particles in the macroscopic container having a volume V and walls penetrable for the particles [11] . The standard deviation of fluctuations of the density
, so  also characterizes the density fluctuations [8] . Here <N > is the mean of N over its fluctuations and k is the Boltzmann's constant. We have
According to [11] the long wavelength limit of the structural factor 0 s is defined from
. Therefore we have using Eq. 7
One can see from Eqs. 15-16 that M  and M s 0 do not depend on density. We obtain from Eq. 7, the exact relations
S , E and H are the Helmholtz energy, Gibbs energy (chemical potential), entropy, internal energy and enthalpy per particle, respectively, the following relations ) / (
) ,
We have from Eqs. 17-21 the inequalities 0 )
We have from Eq. 7
Using Eqs. 9 and 22 one can obtain
from the relation
for the Joule-Thomson coefficient [8] .
We have from Eqs. 21-22
We obtain from Eq. 24
for the isothermal throttling coefficient [17] . Eq. 25 shows that TM  is the linear function of volume. We can conclude from Eqs. 23 and 25 that 0
Eqs. 3a, 3b, 4 and 7-25 are valid in the interval
Predictions of the fundamental equation of state of argon
We have calculated the reduced pressure, isothermal rigidity coefficient, isochoric and isobaric heat capacities, speed of sound, isothermal compressibility, density fluctuations, optic (long wavelength) limit of the structural factor, Helmholtz energy, Gibbs energy, entropy, internal energy, enthalpy, Joule-Thomson coefficient and isothermal throttling coefficient of argon from the following thermodynamic relations (see Table 26 [17] )
)]
respectively. Here Table 30 [17] , and
The dimensionless Helmholtz energy ) , (    (Eq. 41) is the Tegeler-Span-Wagner fundamental equation of state of argon (TSW-EOS) [17] which is used in the NIST database [14].
Comparison of predictions of the "meso-phase" hypothesis and TSW-EOS for argon
In order to compare the predictions of the "meso-phase" hypothesis with that of TSW-EOS we assume that ) , ( ) ,
. We conclude from Eqs. 14-16 and 31-33 that  at these temperatures are given in Table 1 [26] .
The comparison of predictions of the "meso-phase" hypothesis and TSW-EOS are presented in Figs. 1, 2 and 3 . The solid blue and dashed red lines correspond to the predictions of the reference TSW-EOS [17] and "meso-phase" hypothesis, respectively. Fig. 1 presents the Eqs. 10 and 33). Fig. 1a shows that the relative pressure difference decreases with increasing temperature and it is much more than the inaccuracy of TSW-EOS. Fig. 1b shows that the difference between V С and VM С decreases with increasing temperature.
It was shown [30] that the expression for the isochoric heat capacity of liquid and gas, coexisting in phase equilibrium used in Woodcock's article [28] is incorrect. The continuous isochore of V C for Ar was obtained in [28] by using the incorrect dependence of V C on temperature and density. The comparison of Fig. 1b [29] with Fig. 1b [28] shows that the isochores of argon in them are same.
The dependence of the isochoric heat capacity V C of argon along the isochore at the density value mol l 1 3 . 13  presented in Fig. 1b [29] , which has no discontinuity, is incorrect because, according to experiments [4, 15, 16] , V C along an isochore must have a discontinuity when the isochore of V C passes through the coexistence line. It was shown above using Eq. 2 that the isochoric heat capacity in the "meso-phase" is equal to constant or it is a nonlinear function of density in the density interval  of argon in the "meso-phase" decreases linearly with increasing density. Hence, the isotherm of the isochoric heat capacity presented in Fig. 1a in [29] contradicts to Eq. 1, and the isotherm is incorrect if Eq. 1 correct and vice versa.
The density dependence of the isochoric heat capacity of argon obtained using the reference TSW-EOS [17] for
is presented in Fig. 1b . As on can see there is no density interval where the isochoric heat capacity decreases linearly with increasing density while according to the "meso-phase" hypothesis the density dependence of the isochoric heat capacity which is presented on Fig. 1a [29] decreases linearly with increasing density in the finite density interval. Figs. 2b, 2c, 2d, 3a, and 3b show that the "meso-phase" hypothesis is in the excellent agreement with the predictions of the TSW-EOS for the Helmholtz energy, Gibbs energy, entropy, internal energy and enthalpy of argon. Figs. 1b, 1c, 1d, 2a, 3c and 3d show that the "meso-phase" hypothesis fails to describe quantitatively and qualitatively the isochoric and isobaric heat capacities, speed of sound, the structural factor 0 s , Joule-Thompson coefficient and isothermal throttling coefficient of argon at the "meso-phase" region. 
About "failures" of VdW-EOS at the vapor-liquid critical region
According to [29] the liquid-gas critical point is not a property VdW-EOS can make any statements about, and VdW-EOS cannot describe qualitatively the excess Gibbs energy and isothermal rigidity coefficient of argon.
We show in Chapters 3.1 that VdW-EOS can describe qualitatively the excess Gibbs energy and isothermal rigidity coefficient of argon. Chapter 3.2 contains the discussion of the physically incorrect assertions of [29] concerning the temperature dependences of the isochoric heat capacity and entropy of the real fluids. Chapter 3.3 contains a response to the critique [29] of the parametric solution of the equations of the liquid-vapor coexistence of VdW-fluid. The quotes, statements, assertions and conclusions from [29] are italicized in Chapters 3.1, 3.2, 3.3 and Appendix.
The excess Gibbs energy and isothermal rigidity coefficient of argon
The reduced excess Gibbs energy red G is equal to Fig. 4 .
One can see using comparison Fig. 4 with Fig. 2b [29] that the critical isotherm of the reduced excess Gibbs energy for argon from Fig. 2b [29] is incorrect. The isotherms of the reduced excess Gibbs energy for argon corresponding to 
(44)
Eq. 44 is obtained using the relation ) ,
and Eqs. 35 and 41.
The reduced excess Gibbs energy of VdW-fluid is defined from the relation
where the excess Gibbs energy ) , (
was obtained using the relations 
We obtain the relations
from Eqs. 48, 50 and 51, respectively. The critical isotherms of the reduced excess Gibbs energy red G for VdW-fluid was calculated using Eqs. 58-60. The comparison of Fig. 4 with Fig. 2a [29] shows that VdW-EOS describes the excess Gibbs energy of argon in the critical region. Therefore, the comparison of the dependencies presented in Figs. 2a and 2b [29] is incorrect, and the statements "Gibbs energy of argon, taken from the NIST thermophysical property tables [7] , by comparison shows that the van der Waals equation completely misses the essential behavior, especially in the vicinity of the critical point", "the absurd minimum * G at 1 
20
l mol   and subsequent increase for the hypothetical van der Waals liquid are consequences of b V  in Eq. 1 at this density", and "it is evident from Fig.  2a , b that the van der Waals equation fails to describe even qualitatively the thermodynamic properties of gas-liquid coexistence in the critical region" [29] are incorrect. Fig. 4 shows that the minimum of * G at mol l -1 20  for VdW-fluid is not absurd and VdW-EOS can describe quantitatively the excess Gibbs energy of argon in the critical region.
As one can see from Fig. 2a [29] We have from Eq. 47 for the reduced isothermal rigidity coefficient
(61)
We have from Eq. 61 the relations
corresponding to Eqs. 48, 50 and 51, respectively. It is easy to establish from Eqs. 1-6 [29] that Eqs. 2-6 [29] for excess state functions relative to an ideal gas ) (
are incorrect and they must be replaced by
, which is obtained from Eq. 47. were used in [29] . We obtain
The definitions
. Therefore we can conclude that Eq. 9 [29] is incorrect and it must be replaced by the following correct equation
VdW-EOS and the isochoric heat capacity and entropy of the ideal gas
VdW-EOS predicts that V C is equal to that of the ideal gas ig V C , [7, 8, [23] [24] [25] . According to [8] 
depends on temperature. Therefore, the statement "Entropy of the ideal gas is independent of temperature at constant volume" [29] 
Properties of parametric solution of equations of liquid-gas coexistence of VdW-fluid
According to the parametric solution [27] 
) (
where the temperature dependence of the parameter ) (T y is defined from Eq. 65. The temperature dependencies of the saturation pressure ) (T p e and the densities of liquid
of VdW-fluid are defined from Eqs. 66-68.
One can obtain from Eq. 47 using the relations . It is easy to see that: the values of ) (T y W at critical temperature are presented in the last column of Table 1 [29]; the dependence ) (T y W is presented in Fig. 3 [29] ; the functions )) ( ( T y F W L and )) ( ( T y F W V are presented by the solid blue lines in fig. 4 [29] ; the rigidity  which is defined from Eq. 8 [29] using ) (T y W is presented by the solid blue line in Fig. 5 [29] . So, the comparisons made by using the last column of Table 1 [29] and Figs. 3-5 [29] do not concern VdW-fluid.
So, we have shown that the dependencies presented in [29] for the coexisting difference functional of argon and coexisting densities of liquid and vapor of VdW-fluid are incorrect, and Table 1 [29] includes incorrect values of coexisting difference functional. It is clear that the comparisons and the conclusions in [29] based on ) (T y W have no sense. As one can see from Eqs. 4-5 [27] , Fig. 1 [27] and Fig. 6 , the difference between the densities of liquid and gas coexisting in the phase equilibrium vanishes when 0 (see figure 1 of Ref. [4] ) does not go to zero c T in the case of a real fluid" [29] has no sense.
One can see from Figs. 1 and 2 [27] that the functions , therefore, the statements "the fact that " F  ", " H " and " G " go to zero at
